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ABSTRACT 

Using SDSS I data, we have analysed the stellar distribution of the Leo II 
dwarf spheroidal galaxy (distance of 233 kpc) to search for evidence of tidal de- 
formation. The existing SDSS photometric catalogue contains gaps in regions of 
high stellar crowding, hence we filled the area at the centre of Leo II using the 
DAOPHOT algorithm applied to the SDSS images. The combined DAOPHOT- 
SDSS dataset contains three-filter photometry over a 4 x 4 square degree region 
centred on Leo II. By defining a mask in three-filter colour-magnitude space, we 
removed the majority of foreground field stars. We have measured the following 
Leo II structural parameters: a core radius of r c = 2.64 ± 0.19 arcmin (178 ± 13 
pc), a tidal radius of r t = 9.33 ± 0.47 arcmin (632 ± 32 pc) and a total \^-band 
luminosity of L v = (7.4 ± 2.0) x 10 5 L© (M v = -9.9 ± 0.3). Our comprehensive 
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analysis of the Leo II structure did not reveal any significant signs of tidal distor- 
tion. The internal structure of this object contains only mild isophotal twisting. 
A small overdensity was discovered appoximately 4.5 tidal radii from the Leo II 
centre, however we conclude it is unlikely to be material tidally stripped from Leo 
II based on its stellar population, and is most likely a foreground overdensity of 
stars. Our results indicate that the influence of the Galactic graviational field on 
the structure of Leo II has been relatively mild. We rederived the mass-to-light 
ratio of this system using existing kinematic data combined with our improved 
structural measurements, and favour the scenario in which Leo II is strongly 
dominated by dark matter with (M/L)y ~ 100 in solar units. 

Subject headings: galaxies: dwarf — galaxies: individual (Leo II) — galaxies: 
photometry — galaxies: stellar content — galaxies: interactions — Galaxy: halo 
— Local Group 



Introduction 



Dwarf spheroidal (dSph) galaxies figure prominently in cold dark matter (CDM) cos- 
mology as the lowest mass galaxies. It is thought that clumps of dark matter formed from 
density fluctuations in the early Universe and underwent mergers and accretions to gener- 
ate larger structures. These small dark halos were among the sites of the very early star 
formati on and some of the dwarf galaxies we see today are believed to be fossils of this 
epoch (IRicotti fc Gnedinl 120051 ; iGnedin fc Kravtsovl 120061 ). Indeed, the stellar pop ulation 
of ey ery known dSph contains some fraction of ancient (age ~ Hubble time) stars (IGrebel 
19971 ). These systems are strongly dominated by dark mat ter and kinematic data indicate 



that the stars reside at the centre of an extended dark halo (Mateo et al.lll991t iKleyna et al. 



200ll : Iwilkinson etaDbooi iKoch et al.l l2007al B iGilmore et Z 



2007J). CDM has been suc- 



cessful at reproducing large-scale structure in the observable Universe, however it makes 



some apparently discrepant predi ctions at the scale of dwarf galaxies (IMoore et al.l 11999 
Freeman Sz Bland-Hawthorn! 20021 ) . 



An integral part of the hierarchical merging process is the tidal disruption of small 
satellite halos within a large galaxy halo. It is a matter of ongoing debate to what extent 
these processes have shaped the appearance, or even the survival, of the observable dSph 
satellites around our Milky Way. The gravitational potential of the Galaxy is altering the 
structure of its orbiting dSph systems; however, the influence of the underlying dark halo of 
the dwarf galaxy is an unknown quantity in this process. Consequently, the tidal distortion 
of satellite galaxies has recently been of interest, prompted by the discovery of the merg- 
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ing Sagi ttarius dSph (llbata. Gilmore. fc Irwinl Il994j ; iMajewski et al.ll2003l ). t he Monoceros 



strea m (jYanny et al. 2003 



Newberg et al.ll2002l ) and the Canis Major object (IMartin et al. 



2004 ). These distortions can also be used to measure the geometry and mass of the host and 
satellite dark halos (for example, ISackett et al.lll994t iJohnston et al.lll999l ; llbata et al.ll200ll ) 
and are therefore of great import in several aspects of CDM studies. For the present paper, 
we have used the Sloan Digital Sky Survey (SDSS) data to examine the global structure of 
the Leo II dSph also to search for tidal distortion by the Milky Way. 



Leo II is a dis tant dSph (d = 23 3 kpc: iBellazzini et al.l 12005) of i ntermediate luminos- 
ity (My = —10.1; iGrebel et al.ll2003l ). Ilrwin &: Hatzidimitrioul (119951 ) examined the (then 
known) eight dSph companions of the Milky Way using the Palomar and UK Schmidt pho- 
tographic plate surveys, and concluded that "the majority do not seem to be in dynamical 
equilibrium in their outer parts" . Their radial profile and isopleth map of Leo II contained 
moderate signs of tidal distortion, however there are no overt extra-tidal structures. How- 
ever, they noted difficulties when studying Le o I and II due to t heir l arger distances. The 
best wide-field survey of this object is that by iKomiyama et al.l (120071 ) based on wide-field 
photometry to a depth of V ~ 26. They detected a small globular cluster-like object in the 
halo, however there was no indication of tidal distortion. All the dSphs have experienced 
some level of tidal moulding, however, given the large Galactocentric distance of Leo II, 
strong tidal distortions are not expected unless its orbit is highly elliptical. 



Aaronson &: Mould! (119851 ) detected carbon stars in Leo II and inferred that it con- 
tains a significant int ermediate-age population. This was confirmed by the HST study of 



Mighell fc Rich! (119961 ). who found that the majority of Leo II stars were formed 9 ± 1 Gyr 
ago. Ther e is also an old populatio n of 14 ± 1 Gyr ( a trait which appears common to all 
dSphs; see lGrebel fc Gallagherll2004j ). and lKoch et al. (2007b ) found star formation in Leo II 
to have continued until approximately 2 Gyr ago. IBellazzini et al.l (120051 ) found that Leo II 
displays a mild population gradient, with its RHB stars prefe rentially located at the centre 
of the system (another characteristic shared by other dSphs; lHarbeck et al.ll200ll ). Indeed, 
Komiyama et al.l (120071 ) have detected a small po p ulation of stars with an age of ~4 Gyr 



located towards the centre of Leo I 
gradient in metallicity. 



Koch et al.l (l2007bl ) did not detect a corresponding 



Vogt et al.l (119951 ) measured the radial velocities of 31 Leo II red 



giants in the core region of the dSph; they measured a velocity dispersion of 6.7 ± 1.1 km 
s" 1 , yielding a global U-band mass-to-light ratio of 11.1 ± 3.8 in solar unitg^. They con- 



lr The oft-travelled route from a measured radial velocity dispersion to a calculated mass (and hence mass- 
to-light ratio) r equires a set of a ssumptions which carry considerable implications for the object at hand. 
For these values Vogt et al. ( 1995h assumed the stellar motions within Leo II to be isotropic and dynamically 
near-equilibrium, and they also assumed that mass follows light. We discuss this last point in £14.21 of this 
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cluded that the large velocity dispersion cannot be produced by tidal heating, thus Leo II 
contains an extensive dark matter halo (~1O 7 M ). This result is supported by the extensive 



kinematic survey of iKoch et al.l (j2007d ). Their analysis of the radial velocities of 171 Leo II 
members over the entire luminous system found a velocity dispersion of 6.6 ± 0.7 km s _1 , 
which is essntially flat to the tidal radius, yielding a mass-to-light ratio of 27 — 45 in solar 
units. 

Here we present a wide-field ph otometric analysi s of the Leo II dSph b ased on data from 

the S loan Digital Sky Survey (SDSS; lYork et al. boooh Data Release 5 (DR5; lAdelman-McCarthy et al 
20071 ). These data have been used to search the structure of this system for evidence of tidal 
distortion, and we have rederived many of the Leo II structural parameters. SDSS is an 
imaging and spectroscopic survey that has mapped ~l/4 of the sky. Imagin g data are pro- 
duced simultaneously in five photometr i c bands, namely u, g, r, i, and z (IFukugita et al. 



19961 ; iGunn et al.lll998l ; Irlogg et al.ll200ll ; lGunn et al.ll2006l ). The data are processed through 



Stoughton et al. 2002; Smith et al. 2002; Pier et al. 2003 
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Tucker et al. 



20061 ). SDSS has proved to be extremely useful for studying the Galactic satellites. It 
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2005|; 



multiple filters of SDSS are particularly useful for removing undesired so urces (such as fore 



ground stars) in the search for substructures. T his was demon s trated by lOdenkirchen et al. 



(j2001bl ) in their study of the Draco dSph and ISmolcic et al.l (120071 ) when examining Leo 
I. In this paper we present a s imilar analysis of the Leo II dSph using the SDSS DR5 
jAdelman-McCarthv et allhoOTf ). 



2. Photometry 



Part of SDSS is a set of automated a lgorithms to extract information from the survey 
images. This includes the pipeline 'Photo' (ILupton et al.ll2002l ; IStoughton et al.ll2002l ). which 
has extracted five colour photometry for the vast majority of the survey area. However, this 
package was not designed or optimised to analyse crowded stellar fields: Photo contains two 
parameters (a time limit and a maximum number of sources) which are exceeded in regions 



paper. 
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of high stellar density. Therefore, the centres of globular c lusters and ne a rby g alaxies are 
not included in the resulting SDSS photometric catalogues. ISmolcic et al.l (120071 ) described 
an automated pipeline based on the DoPHOT program to analyse crowded SDSS fields, and 
then applied it to a 3.55 square degree region centred on the dSph galaxy Leo I. Their work 
contained a comparison between SDSS Photo and DoPHOT measurements, and here we 
present a complementary analysis of the Leo II region using the DAOPHOT package to fill 
the vacant areas of SDSS photometry not catalogued by SDSS's Photo. 



Fig. CD displays all stars listed in the SDSS photometric catalogue in the region of Leo llo 
Gaps can be seen at the centre of the dSph (the region within the core radius is incomplete) 
and at coordinates (0.4, 1.0); this second gap contains the 4th magnitude star FN Leonis (72 
Leo, HD 97778)| which resulted in Photo failing for two frames. To complete the photometry 
in these areas, we accessed the SDSS images listed in Table [D in the three filters g, r and 
i and measured the magnitudes of all stellar sources. In total, photometry was derived 
for 45 fields. A large overlap region allowed a comprehensive comparison between the two 
photometry datasets. 



Stellar magnitudes were measured using the DAOPHOT (jStetsonlll987l ) program within 
IRAF, using the same metho d as described for previous surveys of the Fornax and Sculptor 
dSphs jColeman et aDl2005al lbll In summary, we derived a best-fitting PSF model for each 
image, and measured the PSF magnitude for each star in that image. Also, we performed an 
aperture correction for each image by selecting stars in an uncrowded region and comparing 
their aperture magnitudes to those determined using the PSF-fitting technique. In general, 
the PSF magnitudes were 0.01 — 0.02 mag fainter than the aperture magnitudes. The magni- 
tudes for each field were adjusted to match the aperture measurement. We removed all stars 
with photometry errors greater than 0.2 mag. The stars located between overlap regions were 
used to ensure a constant photometric zeropoint across the fields. An overall photometric 
adjustment was then made by matching stars in common with our DAOPHOT catalogue 
and the SDSS catalogue. A comparison between these matched stars (after adjustment) is 
shown in Fig. [2j This produced the final DAOPHOT photometry dataset. 



The stated 95% completen ess limits of the SDSS catalogue are g 
i = 21.3 fjStoughton et al.l 



22.2, r = 22.2 and 

20021 ). We measured these values for the DAOPHOT photometry 



using artificial star tests in the central Leo II field (run 5194, rerun 5, field 361). We placed 
900 stars in this field distributed on a fixed grid using the previously derived PSF as a 
model and then attempted to recover these stars using the same techniques as described 



2 Here we have used 'clean' photometry, removing all stars with PSF-fitting errors greater than 0.2 mag. 
3 The Bright Star Catalogue; |http://www. alcyone.de/SIT/bsc/bsc.html 
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above. The completeness was then measured as the fraction of artificial stars successfully 
photometered by DAOPHOT. The test was repeated for artificial stars in the magnitude 
range 18.00, 18.25, . . . , 23.00 for all three filters. From this, we measured 95% completeness 
limits of g = 22.0, r = 21.9 and i = 21 A (all with approximate uncertainties of 0.1 mag), 
implying that the photometric completeness returned by DAOPHOT was not affected by 
the stellar crowding seen at the centre of Leo II. 

We measured the photometric accuracy as the dispersion of the magnitudes returned 
by DAOPHOT for the artificial stars. These are indicated by the errorbars in Fig. [2J It 
is instructive to determine the photometric errors of a hypothetical 'average' Leo II star 
(that is, a star in the centre of the RGB) at the z-band faint limit of i = 21.3. An average 
Leo II star at this magnitude will display brightnesses of g ~ 22.1, r « 21.6. From the 
artificial star tests, the corresponding uncertainties at these magnitudes are a g = 0.08 mag, 
ay = 0.09 mag and Oi = 0.08 mag (the formal uncertainties returned by DAOPHOT were 
slightly smaller, 0.07 — 0.08 mag). Thus, in our DAOPHOT dataset, an average Leo II star 
at the photometric limit will display an uncertainty in c\ and C2 (these 'colour' terms are 
defined in §2.21) of 0.145 magnitudes. This agrees with the C2 dispersion of Leo II stars shown 
in Fig. [6J This is essentially equivalent to the uncertainties associated with an equivalent 
star whose photometry was measured with the SDSS Photo package. In this case, the same 
hypothetical Leo II star considered above will have photometric errors of 0.08 magnitudes 
in all three filters. Hence, given that the completeness limits and photometric accuracies of 
the DAOPHOT and SDSS catalogues are evenly matched, the two catalogues were combined 
to produce a final Leo II dataset. The existing SDSS photometry displays a slightly better 
accuracy than ours, therefore we used the SDSS values for stars common to both catalogues. 



2.1. Stellar Population Gradient 



Colour-magnitude diagrams for the core region of Leo II are displayed in Fig. [3j Here 
we have overlayed 9 Gyr age isochrones with | Fe/H] abundances of —1.5 and —2.0, via the 
Johnson- Cousins to SDSS solution derived by IJordi et al.l (120061 ). Our data cover the red 
giant branch of this system, with the red horizontal branch stars visible at the faint limit. Leo 
II is dominated by an intermediate-age, metal-poor stellar population, and this is reflected 
in its CMD. 

Population gradients are common in dwarf spheroidal galaxies. These reflect the early 
and ongoing star formation traits of the system, and, in general, the young, metal-rich 
population is found to be more cen trally concentrated than the older, metal-poor stars (for 
a review, see lHarbeck et al.l 1200 ll ; for more recent examples refer to iTolstoy et al.l 120041 ; 
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Battaglia et al.ll2006l ; iKoch et al.ll2006l ). A common indicator of population gradients is the 
horizontal branch, whose morphology is dependent on both age and metallicity of the stellar 
population. We do not have access to this feature in Leo II as it is below the flux limit 



(however, see lKomiyama et al.ll2007l for an analysis fo the Leo II HB). However, we are able 
to examine the upper RGB with some accuracy The colour of the upper RGB depends 
sensitively on changes in metallicity (as [Fe/ H] increases the RGB t ip moves redward) yet 
it displays only a slight dependence on age. iBellazzini et al.l (120051 ) found evidence for a 
population gradient in Leo II and constructed a hypothesis in which "age would be the main 
driver of this gradient". If true, then the colour of the upper RGB should not significantly 
change with radius 

We determined the mean (g — i) colour in the upper magnitude of the Leo II red giant 
branch. The dataset was divided at the core radius, with the subsequent stellar populations 
shown in Fig. HI The average upper RGB colours were measured to be, 



(g-i) 



1.342 ±0.015 
1.372 ±0.025 



if r < r c ; N = 60 

if r c < r < r t ; N = 44 



Thus, we found only tentative evidence for a redward colour shift of 0.03 mag in the brightest 
magnitude of the RGB when moving beyond the core radius, however we note that this shift 
is within the uncertainties quoted above. Also, an examination of Fig. H] reveals that there 
is no significant difference in the gradient of the upper RGB between the inner and outer 
populations. Based on me dium resolut i on spec troscopy of 52 RGB stars covering the entire 
surface area of this dSph, IKoch et al.l (l2007bl ) do not find a clear indication of any radial 



gradie nts in Leo II, neither in metallicity nor in age. We examined the data of iBosler et al. 



( 120071 ). who measured [Fe/H] metallicities for 74 red giant stars in Leo II distributed out 
to a radius of 4' from the dSph centre . Our analysis of t heir data found no evidence of a 
metallicity gradient, in support of the IKoch et al.l (j2007bl ) result. These results, combined 
with our photometric analysis, indicate that any population gradient in Leo II is at most 
weak. 



2.2. CMD Filtering 



Odenkirchen et al.l (l2001bl ) demonstrated that an efficient removal of field stars can 
be obtained by creating 'object-foreground' contrast maps in colour-magnitude space with 
especially fit 'colours', named c\ and c 2 . By combining the three SDSS filters, g, r and i, 
one can construct these two principal colours starting from the (g — r) vs (r — i) plane. 
Fig. [5] is a colour-colour diagram containing stars within 2r c of the Leo II centre. The 
parameter C\ is represented by the red line and was obtained by fitting a ridge-line locus to 
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data. Correspondingly, c 2 was denned to be perpendicular to this locus. For Leo II, the two 
principal colours are thus represented by: 

d = 0.922(#-r) +0.387(r-i), 

c 2 = -0.387(0 - r) + 0.922(r - i), ^ ' 

which then provide a simple method for CMD filtering. For clarity, the Leo II stars are 
shown in Fig. [6] in both the (cj,i) and (c 2 ,i) planes, where the CMD in the second panel 
is seen edge-on. The left panel contains a clear red giant branch, and this represents the 
primary level of filtering - we selected those stars within the RGB area of the CMD. The 
right panel indicates that the Leo II stars are dispersed around c 2 = 0, where the level of 
dispersion is defined by photometric errors. This provided a secondary level of filtering - we 
selected those stars within 2a C2 of zero, where a C2 is the dispersion in c 2 as a function of i 
magnitude, as shown in Fig. [6J The CMD-selection was performed only on those stars above 
the photometric limit at i = 21.3. 



The subsequent CMD filtering method was developed by iGrillmair et al.l (119951 ) based 



on a ' signal-to-noise ' dete rmination of the desired stars compared to the field population. 



Odenkirchen et al.l (l2001bl ) applied this method using SDSS photometry of the Draco dSph, 
and we followed his description when applying it to Leo II. Essentially, we constructed a 
CMD density function for both the Leo II and field populations, and these two functions 
were then compared to determine which region of the CMD minimised the field population 
while maintaining a high number of Leo II stars. These CMD functions were created by 
dividing the (ci,i) plane into a series of cells of dimensions 0.09 magnitudes in colour and 
0.35 magnitudes in i. The centre of each cell was offset from the centre of its neighbouring cell 
by 0.015 and 0.05 magnitudes in colour and i respectively, thus ensuring the CMD functions 
were smooth and continuous. Contour diagrams are shown in Fig. [7] which trace the signal 
of the Leo II and field populations, which we will refer to as n c and rif respectively. 



as . 



Using these CMD density functions, the signal in each CMD cell was determined 

,(i,j)= n 7 MzmM ( 2 ) 

V n c(hj) +9 2 n f (t } j) 

The parameter g is a scaling factor defined as the ratio of the core to field areas; for our 
Leo II study, g = 2.496 x 10~ 2 . The core population was drawn from the region within 
2r c of the Leo II centre, while the region between 8r t and the survey limit defined the field 
population. CMD filtration was then achieved by setting a threshold signal (sq) and selecting 
stars located in ce lls with s(i,j) > sp. W e chose a threshold signal which optimised the Leo 



II population (see IGrillmair et al.lll995l ). which for this dataset was Sq = 3.76. The contour 



in Fig. [6] outlines the region defined for CMD selection. Within the Sq threshold contour 
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21162 stars were selected across the 16 square degree region, with 3319 of these located in 
the central 2r c region. 



3. The Structure of Leo II 

Fig. [S] displays the distribution of the CMD-filtered stars (to the photometric limit of the 
datset) across the sky. We have included both the narrow-field (1° x 1°) and wide-field (4° x4°) 
views of the system. A useful method for examining the structure of Galactic satellites is 
provided by a stellar surface density contour diagram. Two of these are shown in Fig. [TU1 
where each star has been convolved with a Gaussian of radius 1.2' (that is, r t /8; narrow-field 
view, left panel) and 4.7' (that is, r t /2; wide-field view, right panel). An important aspect of 
these diagrams is the choice of contour levels. Here we have chosen them such that the two 
lowest contour levels trace stellar densities 1.5a f and 3a f above the background density. The 
value of '<j/' (or, the statistical variation in the density of field stars) is dependent on two 
factors: the field star density, and the width of the Gaussian. From the extra-tidal region 
of Leo II we know that the CMD-filtered dataset still contains a field population of density 
0.341 stars/arcmin 2 . For the wide-field view we used a Gaussian of radius 4.7', hence this 
is effectively the resolution of the contour diagram. Thus, in a region with radius 4.7' we 
would expect to find 24 field stars. Poisson statistics thus implies a background variation of 
4.9 stars (or 21%), and this provides our aj value for the right-hand contour diagram. For 
the diagram in the left panel we have a narrower Gaussian, hence the background variation 
is proportionally higher (aj = 1.2 stars, or 81%). 

Thus, choosing the width of the Gaussian is a matter of balance between the resolution 
and noise level per resolution element of the contour diagram. A wide Gaussian will include 
more stars within its resolving radius, hence the number statistics improve. However, this is 
offset by the reduction in resolution compared to a narrower Gaussian, thereby reducing the 
chance of finding smaller structures. For this reason, we have chosen two viewpoints. The 
wide-field view is helpful when searching for large extra-tidal structures (such as tidal tails) 
while the narrow view allows an examination of the internal structure of Leo II. Both these 
aspects are investigated further in this section. 



Komiyama et al.l (120071 ) have noted a small knotty structure located in the outer parts 
of Leo II, a result which appeared after the submission of the current publication. This 
structure is visib l e in o ur contour diagram, (Fig. [lTJ, left panel) at coordinates (0.15°, 0.0°). 



Komiyama et al.l (120071 ) were unable to distinguish the stellar population of this structure 
from that of Leo II itself, and propose that it is either some tidally stripped material, or a 
small globular cluster which has merged with Leo II. An examination of our data also found 
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that it has the same stellar population as Leo II, and we are unable to provide further insight 
into the nature of this structure. 



3.1. Internal Structure 



The left panel of Fig. [TU1 shows the inner square degree of our survey region. We measured 
the internal structure of Leo II by fitting a series of radially increasing ellipses to the contour 
diagram in Fig. [10] (left) using the IRAF routine ellipse. At each semi-major axis radius this 
program derived the best-fitti ng position angle, el lipticity and central coordinates using the 
iterative method described by IJedrzejewskil (119871 ). This algorithm was applied to 200 'half- 
datasets' (that is, random data subsets with 50% of all stars) to achieve bootstrap-sampled 
values with associated uncertainties. The results are shown in Fig. [TTJ For the remainder of 
this paper we adopt the structural parameters listed in Table [2] for Leo II. These represent 
the uncertainty- weighted mean of the values shown in Fig. [IT] for the range 0' < r < 9.5'. 

A characteristic associated with tidal distortion is isophotal twisting, although isophote 
twists ca n also be projection effects of triaxial dis tributions. Numerical simulations (for 
example. iHelmi &: Whiteil200ll ; |Johnston et al.ll2002l ) predict that a tidally distorted satellite 
will have structural gradients, resulting in an ellipticity and position angle (and possibly 
central coordinates) which are dependent on radius. These effects have been observed in the 
Ursa Mi nor dSph which contains sign i ficant structural a bnormalities, including isophotal 
twisting (IMartmez-Delgado et al.ll200ll ; iPalma et al.ll2003l ). The structure of Ursa Minor is 
distinctly S-shaped and it displays some of the strongest signs of tidal distortion seen in the 
Galactic dSphs. We have detected an ellipticity gradient in Leo II, however there is little 
evidence for significant variation in position angle or central coordinates. This is not the 
same level of comprehensive structural moulding observed in Ursa Minor, and the ellipticity 
variation seen here can be produced by triaxiality. Hence, the internal structure of Leo II 
does not indicate a strong level of tidal heating. 

A quantitative method of examining the structure of dSphs is provided by the radial 
profile, shown in Fig. [9] Here we have divided the spatial distribution of Leo II stars into a 
series of concentric annuli (each with an ellipticity of e = 0.11 and position angle of 6.7°) and 
calculated the stellar density in each. The dashe d line represents the best-fitting empirical 
King profile, defined by Eqn. 14 of iKingi (J1962J). The core and tidal radii were derived 
using bootstrap-resampling, yielding values of r c = 2.64 ± 0.19 ar cmin (178 ± 13 pc) and 
r t = 9.33 ± 0.47 arcmin (6 32 ± 32 pc) respectively . Com pared to iKomiyama et al.l (120071 ) 
(r c = 2.76', r t = 8.63') and llrwin fc Hatzidimitrioul Jl995h (r c = 2.9' ± 0.6, r t = 8.7' ± 0.9), 
we have found Leo II to be a slightly more concentrated system of larger extent, however 
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our values are within their uncertainties. Our core and tidal radii are represented by the red 
ellipses in Fig. [HJ 



Smolcic et al.l (120071 ) examined the structure of the Leo I dSph using SDSS data and 
found it could also be well described by a Gaussian star density model, which allows simple 
modelling. Parameters such as total luminosity are considerably simpler to calculate under 
a Gaussian model compared to the King model (note that a King model is essentially a 
truncated Gaussian) and there is little difference between the two, except for the background 
at large radii. We derived a best-fitting Gaussian function to the Leo II data, and this is 
marked by the dotted line in Fig. [9j Using the notation of Smolcic et al., we found a best- 
fitting central density of S = 30 ± 3 stars/arcmin 2 and a defining radius of r = 2.2 ± 0.1 
arcmin. It is worth noting that there is no significant departure of the data from either the 
King or Gaussian models which would support the presence of extra-tidal stars. We found 
the King model to be a marginally more accurate representation of the Leo II structure, 
however the Gaussian model was a reasonable projection and will be used for our mass 
estimate of the dSph in £jU 



3.2. Search for Extra-Tidal Structure 



The wide-field contour diagram in Fig. [TU] (right panel) allowed a visual search for 
stellar overdensities in the extra-tidal region (as defined by the King model fit). Using 
this simple method, we found four structures, outlined in Fig. [121 with stellar densities 
above the '3cx' level. All these structures are beyond the range of the deep photometry 



by iKomiyama et al.l (120071 ). The highest significance structure is centred at coordinates 
(—0.4, —0.6) and is approximately 20' in diameter (that is, the same apparent size as Leo II 
itself). This be ars some resemblance to t he tidal tails seen emerging from g l obular clusters 
such as Pal 5 Jodenkirchen et all l2~0~01a[ ) and NGC 5466 faelokurov et al.l l2006ah . Com- 
bined with the second structure centred at (—0.8, —1.5), this is qualitatively similar to the 
'dumpiness' seen in the Pal 5 tidal tails. However, tidal features are generally expected (and 
observed) to be bi-symmetric, which is not seen here. 

If the overdensities represent material stripped from Leo II due to Galactic tidal forces, 
then their stellar populations should resemble that of the dSph. The CMDs of these four 
extra-tidal features are displayed in Fig. [T3J For comparison, we also show the data for the 
Leo II core and a random field region of equivalent area on the sky. The four overdense 
regions have approximately twice as many stars above the completeness limit compared to 
the equivalent-area field region. Here we have chosen stars within 6' of the centre of each 
overdensity and compared it to the Leo II core population defined in the previous section. 
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The CMDs are in shown in (V — I, V) space using the lJordi et al.l (120061 ) transformation to 
convert SDSS magnitudes to the Johnson- Cousins filter system. This allowed us to directly 
compare the data to isochrones (jYi et al.l 1200 ll ; iKim et al.ll2002l ) matching the Leo II stars, 
a 12 Gyr age population with a metallicity between [Fe/H] = —2.0 and —1.5. 

There is no obvious correlation between the Leo II stellar population and those of the 
overdense structures. They all contain some stars coincident with the Leo II upper RGB, 
however this is not apparent at fainter magnitudes. This is made more compelling given 
that, in general, the lower RGB is more densely populated than the bright end (for example, 
the Leo II CMD) and should therefore be more conspicuous. To better determine if their 
stellar populations are coincident with that of Leo II, we statistically subtracted the field 
population from the CMDs of the four overdense regions. That is, we created CMD functions 
for the overdensities and the field by dividing the colour-magnitude plane into a series of 
cells as described in the previous section, and then subtracted the field function from those 
of the overdense regions. The field population was drawn from the r > 5r t region, minus the 
four overdense areas. Fig. [TH shows the Hess diagrams for Leo II, the field region, and the 
four 'field-subtracted' areas. 

None of the overdense regions appear to contain a Leo Il-type stellar population. We 
do not believe that variations in extinction across the field could adequately shift the stellar 
population of a Leo II extra-tidal structure, as there is an obvious difference between the 
gradient of the Leo II RGB and the structures shown in Fig. [TH Also, a considerable 
change in extinction would require a small dust cloud located precisely between us and the 
overdensities, and localised in those regions. This is highly unlikely given the lack of gas 
and extinction found in dSphs in general, and is not supported by the ISchlegel et al.l (119981 ) 
dust maps (the average reddening in the vicinity of Leo II is E(B — V) ~ 0.019 mag with a 
variation of approximately 0.004 mag over the 4x4 square degree region). 

Therefore, we conclude that it is unlikely that the overdensities consist of objects that 
could plausibly have been drawn from Leo II. Moreover, the overdensities are not symmetric 
around Leo II, and this would argue against the tidal disruption explanation. Thus, if the 
field population does not contain red giant stars at the distance of Leo II, it must be composed 
of foreground stars. To coincide in CMD-space with the Leo II RGB they would have to be 
dwarf stars lying at distances of 1 — 6 kpc. Given the wide-field of our survey (4x4 square 
degrees) , it is not unreasonable to expect considerable variation in stellar density throughout 
the Milky Way thin and thick disk. We believe the four overdensities are such variations. 
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4. The Luminosity and Mass of Leo II 
4.1. Luminosity 

We measured the total light from Leo II following two distinct methods. Firstly, we 
measured the total light from Leo II in the SDSS images and subtracted the background. 
From this, we measured the integrated absolute magnitude of Leo II in t he SP SS filters to 
be M g = -9.67, M r = -10.26 and M { = -10.76. Using the l.lordi et aD J2OO6I ) conversion, 
these correspond to Mg = —9.25, My = —9.94 and Mj = —11.26. However, it is possible 
to use deep photometry of nearby globular clus ters to extrapo l ate ou r photometry to fainter 
magnitudes. This second method was used by ISmolcic et al.l (120071 ) to determine the total 
/-band luminosity of the Leo I dSph from SDSS data. 

We created luminosity functions (LFs) for the core (r < 2r c ) and field (r > 2r t ) regions 
of Leo II by counting the number of stars in bins of 0.2 mag. The field LF was scaled by 
the ratio of the core-to-field spatial areas and was then subtracted from the core function. 
Assuming a near-Gaussian structure, the region within two core radii is expected to contain 
approximately 95% of the galaxy's luminosity, therefore we multiplied this differential func- 
tion by a factor of 1.05 to produce a background-subtracted Leo II luminosity function. This 
function was derived in the Cousins / filter to ensure it matched the gl obular cluster dat a 
(we made use of the SDSS to Johnson-Cousins transformations given by lJordi et al.ll2006l ). 
The resulting luminosity function is marked by the solid line in Fig. [15j 

To extend this luminosity function to fainter magnitudes we required a glo bular cluster 



which emul ated the ste ll ar pop ulation of Leo II. The spectroscopic studies of iBosler et al. 



(120071 ) and iKoch et al.l (l2007bl ) indicate that Leo II has a mean abundance of [Fe/H] « 

— 0.5 dex (all metallicities quoted in this section are on the 
scale). As such, we used the luminosity function of M5 derived 



— 1.7 with a dispersion o : 


Carretta &; Gratton 


1997 


by 


Sandquist et al. 


(1996) 



Carretta fc Gratton I1997T) . the 



Sandquist et al.l ( 



19961 ) state 



II population (the abundance of M5 is [Fe/H] = —1.11:, 
characteristics of the upper red giant branch are similaio 
their J-band luminosity function is 95% complete to approximately one magnitude below 
the main sequence turnoff. We scaled this function to match the faint end of our data and 
it is marked by the dashed line in Fig. [15j The remainder of the luminosity function was 
completed u s ing deep HST phot ometry of the globular cluster NGC 6397 ([Fe/H] = —1.95; 
Harrislll996l ). iPiotto et al.l (119971 ) derived an /-band luminosity function for this cluster with 



4 We should note that M5 is a single stellar population which we are comparing to a dSph with multiple 
stellar populations including age and metallicity spreads (see the uncertainty analysis in the next subsection) . 
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a 90% completeness to approximately eight magnitudes below the MSTO, or to stars with 
masses ~O.13M . This function was scaled to match the faint end of the M5 LF and is 
indicated by the dotted line in Fig. [JSJ 

By integrating the light from these function^ we derived a total /-band luminosity 
for Leo II of Lj = (11.4 ± 3.0) x 10 5 L Q which is equivalent to an absolute magnitude of 
Mj = —11.0 ±0.3 (uncertainty analysis below). By combining this luminosity function with 
the isochrones in the lower panel of Fig. [TS] we were able to infer an integra t ed (V — I) colour 
of 1.1. This is within the uncertainty of 0.95±0.17 measured by lVogt et al.l (119951 ). This gave 



an absolute integrated \^-ban d magnitude o 



Mi 



v 



X 10 5 L,r 



0) 



Vogt et al. 



-9.9 ±0.3 [L v = (7.4 ±2.0 
which compares well with the iGrebel et al.l (120031 ) value of My = —10.1 and the 
(119951 ) value of My = —10.2 ±0.3. Combining these numbers with our radial profile provided 
the central surface brightn esses Cppy a nd S n r) listed in Table [2J These are in agreement 
with the values derived by iHodgd (119821 ) and lVogt et al.l (119951 ). 



4- 1.1. Uncertainties in the Total Luminosity 

The absolute integrated magnitude uncertainties quoted above (0.3 mag) were the prod- 
uct of three uncertainties. The first of these is provided by the differences in stellar pop- 
ulation between the globular clusters and Leo II. Leo II is known to have a predominately 
red HB, yet M5 contains more blue HB stars than red. For the l^-band luminosity, this 
makes little difference, given that BHB and RHB stars are approximately the same lumi- 
nosity when observed through this filter. However, RHB stars are approximately 0.5 mag 
brighter than their blue counterparts in the / band. Using the luminosity function in Fig. 
[Tol we increased the I band brightness of 50% of the stars at the HB luminosity by 0.5 
mag. This was found to have a negligible effect, the overall brightness of Leo II changed by 
less than 1%. Also, although t he bulk of L e o IPs s tar formation occurred between 7—14 



Gyr ago (IMighell fc Richlll996l ). iKoch et al.l (l2007bl ) find evidence for the occurance of star 



formation until approximately 2 Gyr ago. Thus, Leo II contains additional sub-giant and 
main sequence stars, which would be make it more luminous than predicted by the ancient 
globular cluster LFs. From an analysis of our theoretical isochrones for Leo II combined with 
a Salpeter initial mass function, we estmimate this effect to have contributed approximately 
0.25 mag uncertainty to the total luminosity of Leo II. 

The second contribution to the uncertainty is provided by errors in our photometry. We 



5 It is worth noting that our Leo II data comprised approximately one third of the total luminosity, with 
the remaining two thirds calculated from the scaled globular cluster LFs. 



- 15 - 



followed these through the LF calculation and measured their total effect on the integrated 
luminosity to be 0.02 mag. Although we do not have access to the photometry uncertainties 
which contributed to the luminosity functions of M5 and NGC 6397, we estimated their net 
influence to be approximately the same as our Leo II value. This resulted in a combined 
value of 0.03 mag. 

The final uncertainty stems from our scaling of the globular cluster luminosity functions 
to match that of Leo II. The LFs we placed on the correct magnitud e scale using their 
distance moduli, (m - M) = 21.84 ±0.13 (Le o II; iBellazzini et alihoosh . 14.41 ±0.07 (M5; 



Sandquist et~aPll996h and 12.05 (NGC 6397; IPiotto et al.lll997h . The functions were then 



aligned by minimising the difference in number of stars (y-axis) in the overlapping regions. 
We estimated the error in this normalisation to be approximately 10%, which produces a 
total uncertainty of 0.1 mag in the integrated luminosity. Combining this value with the 
uncertainties above in quadrature gives a total uncertainty of 0.3 mag. 



4.2. Mass 



An accurate determination of the total mass of a pressure-supported system requires 
the velocity dispersion to be measured as a function of radius. However, the stars of a 
dSph galaxy presumably reside in a dark halo which dominates the mass of the system 
and is th ought to extend far beyond the limi t ing radius of the lum i nous mater i al (for 
example. iMateo et all 1 199 ll: iKlevna et all I2OO1I ; Iwilkinson et all l2004j ; iKoch et all l2007al : 



Penarrubia et al 



20071 ). Thus, the stars of a dSph are centrally concentrated and we are 



therefore able to measure the velocity dis persion only at the centre of the dark halo. The 
Leo II dSph is consistent with this view: IKoch et al.l (j2007a ) have found that the velocity 



dispersion of this system is essentially constant to the luminous edge of the system. 



A typic al method to derive the mass of a dSph was provided by llllingworthl (119761 ) , 
based on the iKingi (119661 ) models. This method was designed for globular clusters, hence it 
incorporates a variety of assumptions (mass-follows-light, isotropy, dynamical equilibrium) 
which are inconsistent with observations of dSph galaxies. Despite these concerns, this 
method provides a useful estimation for the total mass, and is still used (for example, the 
recent study by ISimon fc Gehal 120071 ). For simple comparison to previous work, we have 
derived the total mass of Leo II using the Illingworth method, 



M = 167/3r c cx 2 



(3) 



where r c is the King core radius measured above, a is the velocity dispers ion, and (5 i s 
a concentration-dependent parameter typically assumed to be 8 for dSphs (jMateol Il998l ). 
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Using the velocity dispersion from iKoch et aJj (j2007d j. we find the ma ss of Leo II to be 
1.041q 21 x 1O 7 M , implying a mass-to-light ratio of 14.1+2 8 m s °l ar units. IVogt et al.l (119951 ) 
found a similar result, deriving a 'global' mass-to-light ratio of M/L = 11.1 ± 3.8 in the V 



band using their central velocity dispersion combined with an isothermal (lKinglll966l ) model 
in which mass follows light. 



Smolcic et al.l (120071 ) outlined a different method to estimate the mass of Leo I by com- 



bining the existing kinematic data with the assumption that the total mass of the dSph 
structu re follows a Gauss ian representation within this model. The Gaussian model is ana- 
lytical (IRix &: Lakdll993l ). and therefore allows us to derive fundamental quantities such as 
the central density and todal mass of the dark halo directly from the measured parameters 
of Leo II. As with other methods, this only allows a mass measurement within the stellar 
limiting radius. A lower limit for the mass of Leo II can be estimated by assuming that the 
distribution of mass follows that of the light, while an upper limit would assume that the 
mass of the dark halo is effectively constant from the centre of the system to the edge of the 
luminous matt er. In the in t erests of completeness, we explore both scenarios below, however 
the analysis of IKoch et al.l (12007a ) indicates that the upper limit is the best estimate. 



From 171 radial velocity measurements, IKoch et al.l (l2007d ) derived a velocity dispersion 
for Leo II of a = 6.6 ± 0.7 km s _1 , which is in agreement with the previous value derived 
by IVogt et al.l (119951 ) (a = 6.7 ± 1.1 km s _1 via 31 red giants). Given their larger dataset, 



we have adopted the IKoch et al.l (j2007d ) value in our calculations. Assuming that the total 
mass (Gaussian) h as a characteristic radius at least as large as the core radius (Eq. 10, 



Smolcic et al.ll2007l ) the data then best constrain the total central mass density: 

3 

47T 



Po,dm — I ~r~ 



a 



Grl 



0.13 ± 0.04 M pc" 



where the uncertainty stems from the velocity dispersion error and we have implied by our 
nomenclature Po,dm that this mass is dark matter dominated. This central mass density is 
approximately twice the Leo I value determined by Smolcic et al. 

If we now assume for a first scenario that the total mass follows the distri bution of light, 



this p rovides an estimate for the minimum mass of Leo II. Applying Eq. 11 of ISmolcic et al. 
(120071 ) we found the mass (within the tidal radius) to be M tot = 5.2±{^ x 1O 6 M . Using the 



integrated luminosity for Leo II determined earlier in the section, this produced mass-to-light 
ratios (in solar units) of, 

(M/L) v 
(M/L)! 

This scenario defines a lower limit for the Leo II mass-to-light ratio. Hence, by comparison 
with the mass-to-light ratios of metal poor globular clusters, Leo II must be mostly dark 



7 +L5 
4 fi +L0 
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matter. 



However, the kinematic results of iKoch et all (j2007d ) indicate that the velocity disper- 
sion profile of Leo II is essentially flat, and this excludes the possibility of mass-follows-light. 
Therefore, we repeat the preceeding calculation assuming a large dark matter core (a model 
in which the central density value derived above applied to the entire luminous region), which 
on balance appears to be probable. Speci fically, Pnyiir) = Ai.tw from the centre to the tidal 
radius at r t = 9.33'. Applying Eq. 12 of ISmolcic et al.l (120071 ) yielded a total mass (to the 
tidal limit) of M tot = 6.6^3 x 10 7 M Q and the corresponding mass-to-light ratios are: 



(M/L) v 
(M/L)j 



qn+3i 

cro+20 
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This second set of values define an upper limit (we have combi ned the quoted unce rtainties in 
luminosity and mass to produce the uncertainties given here). IKoch et al.l (l2007d ) measured 
the radial velocity dispersion profile of Leo II, and their dynamical modelling excludes mass- 
follows-light. This favours this s econd value and rei nforces the trend seen in other dSphs. 
The watershed study of Fornax by lMateo et al.l (119911 ) found the velocity dispersion appeared 
to be flat with radi us, indicating a dar k ha lo with constant densi ty to the measurement 
limit. More recently, iKleyna et al.l (120011 ) and I Wilkinson et al.l (12004 ) have found the velocity 
dispersions of Draco and Ursa Minor are essentially flat to the tidal radius (which is also 

y been several 



supported by the more recent work by lMunoz et al.l 120051 ). The re has recent 



studies with similar findings for t he Forna x and Sextans dSph s (I Walker et al 



the Sculptor dWestfall et al.ll2006f ). Carina dMunoz et al.ll2006f ) and Leo I (IKoch et al 



2006a 



d), and 



2007ah 



systems. This would argue against the 'mass follows light' scenario and support the second 
set of M/L values given above. Thus, we conclude that the mass-to-light ratio of Leo II 
(within its tidal radius) is ~100 in solar units. 



5. Conclusion 

Our main aim was to determine whether the structure of Leo II showed signs of having 
been altered by the Galactic tidal field. We have examined the structure of the Leo II 
dSph using SDSS photometry from DR5 supplemented with DAOPHOT photometry for the 
centre of Leo II. The derived photometry was found to have an accuracy and completeness 
comparable to that of SDSS, thereby providing homogeneous data over wide areas. A signal- 
to-noise CMD selection technique was applied to the three filter photometry to remove the 
majority of field stars and increase the 'signal' from the Leo II dSph. 

We examined the structure of Leo II in two parts, considering both its internal (to 
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the tidal radius) and external structure. New structural parameters were derived for this 
system, including its King model parameters, luminosity and mass. These are s ummarised 
in Table [21 Combining our data with the kinematic study of iKoch et al.1 (j2007d j allowed a 
new determination of the Leo II mass-to-light ratio, an important parameter for dSphs given 
their importance in the non-linear regime of CDM. We measured the V^-band value to be in 
the range Mj L = 7 — 90 in solar units, however we consider the upper limit to be the most 
likely value given that current kinematic data support a model in which the density of dark 
matter is constant to the radial limit of the stellar dSph system. That is, we conclude the 
mass-to-light ratio in this system is ~100. 

We analysed the internal and external structure of this system to determine the level 
to which it has been disrupted by the Galactic tidal field. The results indicated that 
Leo II shows some non-axisymmetry, however we did not detect any signficant evidence 
of extra-tidal structures such as tidal tails. The internal structure of Leo II does not dis- 
play overt distortions; the ellipticity gradient we detected could be reproduced by a triaxial 
structure, and there was no significant variation in the position angle or central coordi- 
nates with radius. There was no sign of tidal distortion as seen in the Ursa Minor dSph 



( Martmez-Deleac 


o et al. 


2001 




Palma et al. 


2003) 


the Draco dSph f 


Odenkirchen et al. 


2001bh. 



In addition, we have not detected any extra-tidal structures which can be associated 
with Leo II. The only overdensities of note do not contain Leo Il-type stellar populations, 
and it therefore does not seem plausible that they are tidally stripped material. There are 
further arguments supporting this view. Tidal tails are generally paired as a 'leading' and 
'trailing' arm, yet the detected structures are not symmetric around Leo II. Also, the large 
Galactocentric distance of Leo II would suggest a minimal level of tidal distortion. It is 
essential to obtain velocity informati on to clarify the rol e of tides and to establish the nature 
of the overdensity (the VLT data of Koch et al. 2007bl cover the surface of Leo II, however 
they do not extend to the region of the overdensity). 

Leo II is a distant dSph, and if this i s true for t he entirety o f its orb it, then strong tidal 
distortions are not expected. IVogt et al.l (119951 ) and IKoch et al.l (j2007bl ) did not find strong 
distortions, and our results support the view that any tidal deformation of this system has 
been relatively tranquil. 
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Fig. 1. — The Leo II region as it exists in the SDSS catalogue. Note the missing stars at the 
centre of the dSph and toward s the upper left corner. The red ellipses trace the core and 
tidal radii of the Leo II dSph (jMateolll998l ) and the dashed lines outline the region within 
which we extracted g, r and i photometry using the DAOPHOT package. 
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Fig. 2. — Photometric error for the Leo II dataset as a function of magnitude. The black 
points represent those stars matched between the DAOPHOT and SDSS datasets. The 
uncertainty bars (±lo") come from the artificial star tests performed on the central Leo II 
field, and the dotted lines represent the 95% completion limits returned by artificial star 
tests in our DAOPHOT dataset. 
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Fig. 3. — Colour-magnitude diagrams for the core region (r < 5.8') of Leo II. The left 
panel contains t he (q — r) vs i data, while the right-panel contains the (q — i) vs % data. 
The isochrones (jYi et al.ll200ll ; iKim et al.ll2002l ) in each panel trace a 9 Gyr age population 
with [Fe / H] abundances of — 1 . 5 and —2.0, converted to the SDSS filters using the empirical 
solutions of iJordi et al.l (120061 ). The dashed line represents the i = 21.3 photometric limit of 
our survey. 
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Fig. 4. — The stellar populations of the inner (r < r c ) and outer (r c < r < r t ) regions of Leo 
II overlaid on the CMD selection region from Fig. EJ No obvious change in the upper RGB 
colour between the inner and outer populations is visible. 
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Fig. 5. — Colour-colour diagram for stars in the central region (r < 2r c ) of Leo II. The 
best-fitting line shown defines the locus of c\. 




Fig. 6. — CMDs for the core region of Leo II. The left panel shows C\ vs i magnitude and 
contains the upper red giant branch of Leo II. The right panel shows the same stars in 
the (c 2 , i) plane, where the dispersion of these values around c 2 = is due to photometric 
uncertainties. The dashed line represents the % = 21.3 magnitude limit of the photometry 
and the solid lines trace the Leo II selection limits. In the left panel this was defined by the 
comparison of the core and field populations in Fig. [71 while the selection limit in the right 
panel was to be 2a C2 , where a C2 is the dispersion of the central Leo II stars around c 2 = 0. 




Fig. 7. — The CMD functions for the core (left) and field (right) populations of Leo II, 
where a darker colour represents a hihger stellar density. The core population was drawn 
from the inner 2r c region of Leo II, while the field population came from the region between 
r = 8r t and the survey limit. The ratio of these two functions representing Leo IV s contrast 
in colour-magnitude space produced the limiting signal represented in the left panel of Fig. 
El 
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Fig. 8. — The spatial distribution of Leo II CMD-selected stars in the narrow-field (left) and 
wide-field (right) views. The core and tidal radii of Leo II are marked by red ellipses. 
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Fig. 9. — Radial profile of Leo II, where the dashed line represents the best-fitting King 
profile and the dotted line traces the best-fitting Gaussian function. A background level of 
0.341 has been subtracted from all data points. The lower dotted line represents the 2.5a 
noise limit, where a = 0.075 stars/arcmin 2 is the dispersion of the radial densities around 
the background level. 



Fig. 10. — Stellar density contour diagrams of Leo II, showing the narrow-field (left) and 
wide-field (right) views. Stars in the narrow-field have been convolved with a Gaussian of 
radius 1.2', and the function in the wide-field has a radius of 4.7'. In both diagrams, the 
first and second darkest contours trace density levels above the background of 1.5a and 3a 
respectively. 
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Fig. 11. — The structure of Leo II as a function of major axis radius. These datapoints were 
derived from the contour diagram in Fig. [TDl where we have calculated the best-fitting centre, 
ell ipticity and p osition angle at succeeding radii. The dashed lines represent the values listed 
by iMateol (119981 ) and the dotted lines represent the core and tidal radii derived in this paper. 
We have shifted the y-axis in the RA and Dec panels to place the first datapoint at zero. 
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Fig. 12. — Schematic diagram with the positions of the four overdensities and a random field 
region marked. The dashed line represents the spatial limit of our survey. 
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Fig. 13. — CMDs for the central region of Leo II, a randomly selected field region, and the 
four overdense regions marked in Fig. The isochrones represent a 12 Gyr population with 
[Fe/H] abundances of —2.0 (blue) and —1.5 (red). 
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Fig. 14. — Statistical subtraction of the field population from the extra-tidal stellar over- 
densities. The Hess diagrams of the field region and the field-subtracted Leo II core are 
shown. For comparison, the data for Region 1 represents approximately 300 stars. Note the 
dissimilarity between the stellar populations of the overdensities compared to that of Leo II. 
The two isochrones were derived for a 12 Gyr population with [Fe/H] abundances of —2.0 
(blue) and —1.5 (red). 



-38- 




Fig. 15. — Luminosity function for Leo II. The data (and Poisson uncertainties) from this 
paper are represented by the solid line. We have extrapolated to fainter magnitudes using 
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the luminos ity functions for th e globular clusters M5 (jSandquist et al.lll996t dashed line) and 
NGC 6397 (IPiotto et al.lll997l ; dotted line) shifted by the appropriate distance moduli and 
stellar number. The lower panel contains our Leo II data in Johnson-Cousins filters V and / 
(converted using the relations derived by lJordi et al.ll2006l ) down to the completeness limit 
(/ = 21.0 is equivalent to i = 21.3 at the centre of the Leo II RGB). We have also placed 12 
Gyr isochrones with [Fe/H] abundances of —1.5 (blue) and —2.0 (red) for reference. 
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Table 1: SDSS fields analysed with DAOPHOT 



Run 


Rerun 


Camcol 


Fields 


Section 


5183 


4 


40 


245-247 


Leo II dSph 


5183 


5 


40 


245-247 


Leo II dSph 


5194 


5 


40 


360-362 


Leo II dSph 


5140 


1 


40 


112-114 


FN Leonis 


5224 


1 


40 


107-109 


FN Leonis 
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Table 2: Leo II Parameters 



Parameter 


Value 


Reference 


RA (J2000) 
Dec (J2000) 

VA 111 1 "\ i~ I * 1 fir 

H/inptcity, e 
Position angle 
£(£ - V) 
Distance 
(to - M) 


11:13:28.8 

22:09:06.0 
n 1 1 

U. 11 

6.7 ±0.9 
0.019 ± 0.004 a 
233 ± 15 kpc 
21.84 ±0.13 


This paper 

This paper 

i ms papei 

This paper 
Schleerel et al. ( 19981 
Bellazzini et al. (2005) 
Bellazzini et al. (2005) 


r c 

c = log (r t /r e ) 


2.64' ±0.19' 
9.33' ± 0.47' 
0.55 ±0.05 

L.L X U.l 


This paper 
This paper 
This paper 

1 MIL" 1 "\ o ~| "\ Al' 

i ms papei 


^0,1 

L v 
Li 

My 

Mi 

(B-V) 
(V-I) 


24.2 ± 0.3 mag/arcsec 2 
23.1 ± 0.2 mag/arcsec 2 
(7.4 ±2.0) x 1O 5 L 
(11.4 ±3.0) x 1O 5 L 
-9.9 ±0.3 
-11.0 ±0.3 
0.65 ±0.15 
1.1 ±0.1 


This paper 
This paper 
This paper 
This paper 
This paper 
This paper 
Hodere (1982) 
This paper 


v r 

M tot 

(M/L)y 

(M/L)i 


79.1 ±0.6 km s" 1 
6.6 ±0.7 km s" 1 
5.2+J-J x 1O 6 M / 6.6 + ^ f x 1O 7 M 
7.0i}J / 90_fj 
4.6l ;° / 58i?° 


Koch et al. (2007c) 
Koch et al. (2007c) 
This paper b 
This paper b 
This paper b 



"The uncertainty quoted here represents the reddening variation over the 4x4 square degree field. 
& The first value was calculated under the 'mass-follows-light' assumption, while the second adopted a dark 
matter halo with constant density throughout the stellar system and refers to the total mass within r± 



